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be more rigorously defined using empirical data on per 
capita residential electricity and natural gas usage among 
zipcodes within Los Angeles County (LAC). Here the suf-
ficiency ranges have been specified, somewhat arbitrarily, 
as ±1 standard deviation from the mean.

Excess consumption has many causes, but often arises 
from individuals choosing to meet their needs by inher-
ently more energy intensive means, such as purchasing 
large, single-family homes, or by overconsumption of 
energy services, such as leaving the air conditioning on 
while the home is unoccupied. Distinguishing between 
consumption regimes is necessary in order to analyze 
the equity effects of residential electrification, renewable 
energy, and efficiency programs, and estimate cumulative 
value society derives from them. DACs and non-DACs dif-
fer greatly with respect to socio-demographic characteris-
tics, most significantly income and the age and condition 
of their housing stock (Hernández et al., 2016). These 
factors determine the relative burden of energy costs, 
the proportion of a household’s total budget devoted to 
energy, and the value extracted per unit energy consumed 
(USDOE, 2018). Thus, the value of the benefits received 
by program participants depends to a large extent on the 
exigencies of their individual situations.

Current Policy Approaches to the Redress of Energy 
Inequities
Faced with need to reduce the greenhouse gas emissions 
(GHGs) of their energy consumption, many states, includ-
ing California, have embarked on courses of market-based 
ecological modernization (Mol et al., 2009). In the past 
20 years, market-based electrification and energy effi-
ciency (EE) initiatives, primarily subsidies and tax credits, 
have become preferred tools for encouraging adoption 
of domestic renewable energy systems, electric vehicles, 
and newer, more efficient appliances (Reames and Sta-
cey, 2019). Rather than curtailing the demand for energy, 
states have instead sought to reduce the GHG intensity of 
energy services by increasing the efficiency of residential 
housing stock and electrifying end-uses currently pow-
ered by fossil fuels. Increases in residential efficiency and 
distributed generation, it is hoped, will decrease demand 
for energy, with gradual fuel-switching for heating and 
transportation enabling further de-carbonization (Reames 
and Stacey, 2019).

California has taken steps to reduce the energy inten-
sity of new housing stock, passed measures that require 
new homes be built to accommodate rooftop PV panels, 
and implemented building codes requiring continuous 
improvements in the energy efficiency of building materi-
als and systems. However, by and large, improving energy 
efficiency and promoting the deployment of renewable 
generation systems have been the preferred to pursu-
ing actual reductions in residential demand (California 
Energy Commission, 2018). In parallel, the state has also 
been working to promote the electrification of fossil fuel 
dominated end-uses. This included providing rebates for 
EVs, heat pumps, and various types of household appli-
ances. If successful, these efforts are likely to greatly 
increase future electricity demand. It is presumed that the 

environmental impacts of this consumption will be miti-
gated by transitioning the grid to be powered by 100% 
renewable sources. However, the timely success of this 
transition is not guaranteed.

Governments and utilities have enthusiastically 
embraced market-based approaches to incentivizing these 
transitions because they are simple to implement, do not 
complicate utility operations, and do not otherwise limit 
absolute levels of consumption (Tonn and Peretz, 2007). 
Overall spending on such programs provide a good indi-
cation of their popularity – in 2016 at least $2.5 billion 
dollars on residential EE initiatives, based upon data avail-
able from twenty-nine states (Reames and Stacey, 2019). 
While their ease of implementation and politically inof-
fensive nature are attractive to policymakers, many of 
these programs have been found to disproportionately 
benefit wealthier individuals (Galli-Robertson et al., 2019). 
Incentive programs, even those that offer more generous 
payments to applicants that meet low-income require-
ments, are consistently under-utilized by lower-income 
and minority cohorts due to financial barriers, limited 
awareness of such programs, and lower rates of property 
ownership (Bird and Hernández, 2012; Scavo et al., 2016; 
Parsons et al., 2018).

California has previously experimented with more 
redistributive policy measures designed to enhance DAC 
participation in energy transitions (Lukanov and Krieger, 
2019). Unfortunately, the scope of the impacts from these 
programs have thus far been small due to their limited 
budgets and restrictive eligibility requirements. For exam-
ple, the California solar initiatives single family affordable 
solar home (SASH) program, established in 2006 by state 
assembly bill 2723, has provided qualified low-income 
homeowners fixed, up-front, capacity-based incentives to 
help offset the upfront cost of a solar electric system – cur-
rently, $3 per watt (California State Assembly, 2006). In 
order to be eligible for this incentive however, applicants 
must (1) own and live in their home, (2) have a household 
income that is 80% or below the area median income, 
and (3) live in a home defined as “affordable housing” by 
California Public Utilities Code 2852. Due to these restric-
tions on eligibility, over its entire lifetime the program 
has spent $124 million on the construction of 8,228 PV 
systems representing a total combined capacity of just 26 
MW statewide.

In addition to SASH there was also a Multi-Family 
Solar Housing (MASH) program. First initiated in 2008, 
MASH provides fixed, up front, capacity-based incen-
tives for qualifying solar energy systems (California State 
Assembly, 2013). The amount of the incentive depends 
on the chosen application tract. Different tracts reflect 
different characteristics of the loads intended to be off-
set by the system. Under the program participating ten-
ant units receive benefits through a virtual net metering 
scheme which offset a portion of their energy consump-
tion with a portion of the output from the installed sys-
tem. Despite the potentially transformative power of this 
virtual net metering concept for renters, the program’s 
reach has been limited. Since its inception just 480 pro-
jects have been completed statewide, representing 41.9 

D
ow

nloaded from
 http://online.ucpress.edu/elem

enta/article-pdf/doi/10.1525/elem
enta.419/435008/419-7221-1-pb.pdf by guest on 19 N

ovem
ber 2020



Fournier et al: On energy sufficiency and the need for new policies to 
combat growing inequities in the residential energy sector

Art. 24, page 4 of 12  

MW of installed capacity. Furthermore, at present, the 
MASH program is closed and is no longer accepting new 
applications.

Assessing Current Status and Future Progress
In order to assess the current and likely future effective-
ness of the existing suite of policies for promoting equity 
within the residential energy sector, we analyzed set of 
historical time series data documenting per-capita levels 
of energy consumption and energy system transformation 
engagement. The first component of this analysis focuses 
on quantifying the current magnitude of the inequities 
which exist between DACs and non-DACs within LAC, a 
diverse area home to some 10.2  million people. The sec-
ond component of this analysis uses recent historical 
trends observable within these data to develop forecasts 
of expected future changes. These forecasts are then used 
to assess whether or not existing levels of inequality are 
likely to be diminished in the future as a result of cur-
rently implemented policy measures.

Materials and Methods
Data on Community Disadvantage
The California Office of Environmental Health Hazard 
Assessment (OEHHA), on behalf of the California Envi-
ronmental Protection Agency (CalEPA), has developed a 
quantitative methodology which assigns numerical scores 
to local geographies based upon their aggregate burden 
of and vulnerability to various sources of environmental 
pollutants. This effort is known as the CalEnviroScreen 
program and is currently on its third iteration. CalEnviro-
Screen 3.0 (CES) scores are issued at the census tract level 
for the entire state. Census tracts whose combined CES 
scores place them above the 75th percentile statewide are 
technically classified by the California Energy Commission 
(CEC) as environmentally disadvantaged communities 
(DACs). This designation qualifies these communities for 
priority consideration under various state level funding 
programs and initiatives.

The CES program’s use of census tract boundaries as a 
reference geography presents a challenge for this analysis 
as zipcode geographies are the most common geographic 
unit for the spatially disaggregated reporting for energy 
system transformation metrics. In order to reconcile the 
incongruence between census tract and zipcode geogra-
phies we developed a methodology to assign each zipcode 
with the average scores of all of the census tracts that it 
spatially intersects. According to this methodology, zip-
codes whose mean CES composite scores are still above 
the 75th percentile DAC threshold were assigned the label 
majority-DAC zipcodes. A more detailed discussion of this 
spatial aggregation as well as a map visualization of the 
spatial correspondence between DAC census tracts and 
majority-DAC zipcodes are provided in the supplementary 
material.

Data on Residential Electricity and Natural Gas Usage
Our research group at the California Center for Sustain-
able Communities (CCSC), which operates within UCLA’s 
Institute of the Environment and Sustainability, has devel-
oped a unique multi-year time series database of electric-

ity consumption data for customers served by the major 
investor owned utilities (IOUs) and municipally owned 
utilities (MOUs) operating within LAC (Porse et al., 2016). 
For the purposes of this analysis, these utilities include 
Southern California Edison (SCE), the Los Angeles Depart-
ment of Water and Power (LADWP) and the Southern Cali-
fornia Gas Company (SCG). This dataset, which we refer 
to as the UCLA Energy Atlas, is based upon raw monthly 
account level billing data obtained under non-disclosure 
agreements with either the individual utilities themselves, 
or with the California Public Utilities Commission (CPUC). 
The full temporal coverage of this dataset spans from 
2011 to 2016.

Data on Residential Electrification
Our approach to quantifying residential electrification 
involved normalizing total electricity and natural gas con-
sumption data derived from the UCLA Energy Atlas into 
standardized units [MBtu]. Following from this, for each 
zipcode, we calculated the fraction of the total volume 
energy consumed within each zipcode and for each each 
year that was delivered in the form of electricity. Changes 
in this fraction over time provide insights into the cumu-
lative effects of of electricity load growth, natural gas 
usage efficiency improvement, and natural gas appliance 
electrification between the various zipcode geographies.

Data on Alternative Fuel Vehicle Adoption
The National Renewable Energy Laboratory (NREL) has 
developed a time series database of residential light-duty 
vehicle registrations, disaggregated by vehicle fuel type, 
for the entire United States. Access to records from this 
dataset, known as the Alternative Fuel Vehicles Database 
(AFVD), was obtained for zipcodes within LAC through 
a representative at the Southern California Association 
of Governments (SCAG). Records within the AFVD are 
sourced from state level vehicle registration reporting 
data. The full temporal coverage of this dataset spans from 
1990 to 2017.

For this analysis, these records were aggregated to gen-
erate annual counts of the total number of vehicles reg-
istered within each zipcode, separated by fuel category. 
These categories include: Conventional Fuel Vehicles 
(CFVs) – gasoline, gasoline-hybrid, diesel, and diesel-
hybrid; Alternative Fuel Vehicles (AFVs) – ethanol, hydro-
gen fuel-cell, butane, compressed natural gas, methane, 
and propane; Plug-In Electric Vehicles (PEVs) – battery 
electric and plug-in hybrid. For the purposes of this analy-
sis we focus only on the PEV category, and disaggregate its 
entries into EVs and PHEVs subgroups. A more detailed 
overview of relative proportions of vehicles of different 
fuel types that are registered within each zipcode is pro-
vided in the supplementary material.

In urbanized areas such as LAC, active and public transit 
options can function as important alternatives to personal 
vehicle ownership. This is particularly true with respect 
to DAC residents, for whom the costs of personal vehicle 
ownership are often prohibitively high (Giuliano, 2005). 
The availability and usage of public transit options (buses, 
light-rail, subways, etc.) throughout the LAC region is 
highly uneven. This uneven distribution, to a large extent, 
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reflects the distribution of population density throughout 
the region. Recent analyses have shown that, despite sub-
stantial investments in the expansion and upgrading of 
the LAC’s public transit infrastructure over the past dec-
ade, ridership rates have actually declined (Manville et al., 
2018). A more detailed discussion of the region’s available 
public transit options and patterns of use is provided in 
the supplementary material for additional context.

Data on Residential Rooftop Solar PV Adoption
The CPUC coordinates a statewide, multi-agency effort, to 
collect and standardize historical data about the location 
and design characteristics of installed solar generation 
assets. This database is known as the Distributed Gen-
eration Statistics (DG-Stats) database. Records within the 
DG-Stats database are sourced from a variety of sources 
including participating IOUs, MOUs, and independent 
solar installation and development firms. For the purpose 
of this analysis, records within the DG-Stats database were 
first filtered on the basis of their rated nameplate capacity 
to reflect net-metered systems deemed to be of residen-
tial scale (<25 kW-AC). They were then aggregated on an 
annual basis to the zipcode level. The full temporal cover-
age of this dataset spans from 1990 to 2017.

Methods of Forecasting Energy Consumption
Developing an understanding of the extent to which 
current inequities within the energy system are likely 
to persist, or even grow, in the future is of critical 
importance. This requires the development of forecasts 
for future energy system consumption and transforma-
tion metrics. Our approach to forecasting future per-
capita electricity and natural gas consumption levels is 
based upon the application of a parametric model of 
exponential decay to recent historical rates of change 
observed within the individual zipcode level time series 
data. This approach reflects the perpetuation of exist-
ing policies in a “business as usual” context. Accord-
ing to this model formulation, the growth rate at some 
future time f(t) can be expressed mathematically as in 
Equation 1.
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Using a set of numerical libraries written in the Python 
programming language, estimates for the model param-
eters (C,k) were generated for each zipcode using a least 
squares based procedure to statistically fit the model’s 
functional form to its historical per-capita consumption 
time series. These parameter estimates were then used 
to generate individualized forecasts, with correspond-
ing escalating uncertainty bounds (0–10%), for each zip-
code and for each future year, through the end of a 2030 
forecast time horizon. Median values for the groups of 
majority-DAC and majority non-DAC zipcodes were then 
computed from the individual zipcode level forecasts. For 
electricity consumption, the increasing form of the model 
(k > 0) was used. For natural gas, the decreasing form of 
the model (k < 0) was used.

Methods of Forecasting Energy Transformation 
Participation
Our approach to the problem of forecasting future per-
capita EV, PHEV, and rooftop solar PV adoption levels 
involved a broadly similar process; however, here we 
made use of a fundamentally different parametric growth 
model. In order to realistically forecast energy transforma-
tion participation, the growth model used must be able to 
accurately depict the non-linear, saturating growth behav-
ior characterized by consumer adoption decisions that 
occur as a new product passes through phases from initial 
release on to full market penetration. For this reason, we 
chose to use the Bass Diffusion Model. The Bass diffusion 
model can be expressed mathematically as in Equation 2. 
A more detailed discussion of the conceptual ideas behind 
the Bass model’s formulation and our justification for its 
use in this application is provided in the supplementary 
material.

 ( ) ( )( ) ( )( )1f t p qF t F t= + −  (2)

According to the Bass diffusion model the growth rate at 
some future point in time f(t) can be expressed as a differ-
ential equation comprised of two fixed parameters (p, q) 
and the current level of adoption at that time F(t). When 
estimating parameters for any individual Bass diffusion 
model fit, it is necessary to provide a fixed value which 
corresponds to the boundary condition of the market’s 
full saturation potential. For the EV and PHEV forecasts, 
these boundary conditions were chosen to be the total 
number of vehicles registered within the zipcode in the 
most recent year in the time series; this assumes static 
vehicle ownership levels throughout the forecast period. 
Competition between EVs and PHEVs for a market share 
was addressed by iteratively constraining the combined 
adoption levels between the two categories within each 
successive forecast year. For the rooftop solar PV forecasts, 
full market saturation potentials were computed for each 
zipcode using a database of individual building level roof-
top solar capacity potentials generated for all structures 
larger than 400 ft2 within Los Angeles County (Jakubiec 
and Reinhart, 2012). Similar to the historic analysis, 
only systems with residential scale solar potential values 
(<25kW-AC) were included.

Results
Current Consumption Status
Figure 2 depicts the current status of three key metrics 
of residential energy system performance at the zipcode 
level within LAC. These metrics include: (a.) annual total 
electricity usage per-capita, (b.) annual total natural-gas 
usage per-capita, and (c.) the ratio of per-capita total elec-
tricity to total natural gas usage. Data for of these metrics 
are shown in map form – with majority-DAC zipcodes out-
lined in red – as well as in scatterplots – with each zipcode 
being sorted along the horizontal axis on the basis of its 
mean CES score and the majority-DAC zipcodes plotted in 
red. Within each scatterplot, a simple linear trend line has 
been fit to illustrate the directionality and consistency of 
the relationships. Zipcodes for which consumption data 
was not available from the UCLA Energy Atlas or for which 
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